Hepatitis B virus (HBV) causes acute and chronic hepatitis and hepatocellular carcinoma. Although a preventive vaccine is available, the therapeutic options for chronically infected patients are limited. It has been shown that RNA interference can prevent HBV gene expression and replication in vivo when HBV expression vectors are delivered simultaneously with small interfering RNA (siRNA) or siRNA expression constructs. However, the therapeutic potential of siRNAs to interrupt ongoing HBV replication in vivo has not been established. Here, we show that expression of HBVspecific siRNAs in the liver of HBV transgenic mice by recombinant adenoviruses can suppress preexisting HBV gene expression and replication to almost undetectable levels for at least 26 days. These results demonstrate that efficiently delivered siRNAs should be able to silence HBV in chronically infected patients.
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adenovirus vector ͉ RNA interference C hronic hepatitis B virus (HBV) infection causes Ͼ1 million deaths each year due to cirrhosis of the liver and hepatocellular carcinoma (www.cdc.gov͞hepatitis and www.who.int͞ mediacentre͞factsheets͞fs204͞en). Hence, there is a need for alternative ways to treat this persistent infection. RNA interference (RNAi) has rapidly emerged as a technology for regulating mammalian gene expression because it provides a means of sequence-directed degradation of specific RNAs (1) (2) (3) (4) (5) (6) (7) (8) . In the case of HBV, published in vivo hydrodynamic transfection studies have shown that simultaneous delivery of HBV expression plasmids and HBV-specific small interfering RNAs (siRNAs) (or siRNA-expressing constructs) to the mouse liver can prevent the induction of HBV gene expression and replication (9) (10) (11) . To expand on those studies, we have examined the therapeutic potential of RNAi for the treatment of chronic HBV infection where ongoing viral gene expression and replication are established in the liver before siRNA delivery.
Several variables that have not been previously addressed could affect the utility of RNAi for the treatment of an ongoing HBV infection. First, in the context of an established infection, viral RNAs may be protected within complexes or nucleocapsid structures as has been reported for hepatitis D virus (1), Rous sarcoma virus (12) , and respiratory syncytial virus (RSV) (13) . This is particularly relevant to HBV, which replicates in capsids after encapsidation of the viral pregenomic RNA. A second variable is how efficiently preexisting viral RNA can be reduced and to what extent RNA suppression can block viral DNA replication. Finally, established viral gene expression may allow for the induction of viral RNAi-defense mechanisms as reported for plant viruses (14) and flockhouse nodavirus (15) .
It has been shown that RNAi is capable of reducing mammalian gene expression in vivo. Genes such as fas (16) , caspase-8 (17), agouti-related peptide (18) , tyrosine hydroxylase (19) , and ras (20, 21) have been targeted for degradation in mice, and corresponding changes in phenotype were observed. Yet, the actual degree of gene suppression achieved in each case varied, sometimes with as little as a 36% reduction in mRNA. Although this magnitude of suppression was sufficient to reduce the effects of the endogenous genes being studied, the degree to which viral RNA must be suppressed to disrupt viral replication in vivo is not known. In a recent study, it was demonstrated that influenza virus titers could be reduced 2-3 logarithms in the lungs of mice if 120 g of virus-specific siRNA was delivered 5 h after infection. Interestingly, however, Ͻ1 logarithmic decrease was observed when the same siRNA was delivered 24 h after infection (22) .
In this study, we identified HBV RNAi target sequences capable of mediating the degradation of HBV transcripts and used recombinant adenovirus delivery to test the ability of these target sequences to inhibit constitutive HBV replication in vivo in the liver of HBV transgenic mice. The data show that ongoing HBV replication in vivo can be cleared by RNAi-targeted suppression of viral RNA for at least 26 days. Importantly, the potent, long-lasting inhibition of HBV gene expression and replication achieved in this model suggests that an RNAi-based treatment strategy could be successfully used clinically in patients with chronic HBV infection.
Methods
Cell Lines. Huh7 GFP-HBV cells were created by transfecting Huh7 hepatocytes (from the American Type Culture Collection) with a selectable SV40-driven expression vector (Invitrogen) containing a GFP-HBV fusion construct. Zeocin-resistant cells constitutively express GFP from a fusion transcript containing the GFP ORF followed by HBV sequences 2630-0-1986 (Fig.  1a) . Cells were maintained in DMEM supplemented with 10% FCS and penicillin-streptomycin-glutamine (Invitrogen).
HBVMet hepatocytes were derived from HBV transgenic mice as described in ref. 23 . Cells were plated on collagen I-coated dishes (Becton Dickinson) in RPMI medium 1640 supplemented with 10% FCS (Invitrogen), 55 ng͞ml EGF (Becton Dickinson), 16 ng͞ml insulin-like growth factor II (Calbiochem), 10 g͞ml insulin (Sigma), and penicillinstreptomycin-glutamine (Invitrogen), as described in ref. 23 .
Mice. HBV transgenic mouse lineages 1.3.32 and 1.3.46 are described in ref. 24 . Both lineages express and replicate HBV in the liver from an integrated greater-than-genome-length transgene at levels comparable to that seen during HBV infection. Inbred 1.3.32 C57BL͞6 mice were mated with B10D2 mice to produce the F 1 hybrids that were used. To produce IFN-␣͞␤ and IFN-␥ signaling-deficient HBV transgenic mice, 1.3.46 B10D2 mice were backcrossed onto an IFN-␥-deficient genetic background (25), and those mice were then crossed onto an IFN-␣͞␤ receptor-deficient genetic background (26) . IFN-␣͞␤ receptordeficient mice and IFN-␥ Ϫ/Ϫ mice were provided by Timothy Stewart (Genentech) and Michel Aguet (University of Zurich, Zurich), respectively.
Mice were matched by serum hepatitis B e antigen (HBeAg) levels before experimental manipulation with the EBK 125 I RIA Kit (DiaSorin, Stillwater, MN). Mice were intravenously injected by means of the tail vein with adenovirus diluted in saline for a final volume of 200 l and were bled retroorbitally at indicated time points for serum analysis.
Animal protocols were performed in accordance with the National Institutes of Health and The Scripps Research Institute Guidelines for Animal Care. Animals were housed in pathogenfree rooms under strict barrier conditions. siRNAs. HBV target sequences were chosen in regions overlapping the viral 3.5-kb, 2.4-kb, and 2.1-kb RNAs, according to the parameters indicated on the siRNA Target Finder web site (www.ambion.com). RNAs were synthesized by using the Silencer siRNA Construction Kit (Ambion, Austin, TX). Scrambled negative-control and GFP positive-control siRNAs were chemically synthesized (Qiagen, Valencia, CA). RNAs were transfected at 285 nM by using oligofectamine (Invitrogen).
Mouse Polymerase III Cloning. Primers were designed to clone the mouse U6 promoter by one-step RT-PCR (Qiagen), and the PCR product was ligated into the pGEMTEasy vector (Promega). Clones were verified by sequence analysis (The Scripps Research Institute, MEM DNA core facility). Individual short hairpin RNAs (shRNAs) were cloned at the ϩ1 position behind the mouse PolIII promoter analogous to the pSUPER human PolIII vector (27) .
Recombinant Adenoviruses. PolIII-siRNA cassettes were cloned into the AdEasy shuttle vector pShuttle (Quantum Biotechnologies, Montreal), in which the insert is flanked by portions of the adenovirus genome (28) . PolIII-siRNA shuttle constructs were cotransfected into 293 cells with a plasmid containing the rest of the adenoviral genome (pacAd5 9.2-100), including regions of homology to the pShuttle vector to allow for homologous recombination (B. Davidson, Gene Transfer Vector Core, University of Iowa, Iowa City). Because neither plasmid is able to produce adenovirus independently, only DNAs that have recombined generate virus (29) . Virus stocks were amplified in 293 cells, purified over two CsCl gradients, and dialyzed with PBS͞3% glucose according to the shuttle vector manufacturer's protocols.
Hepatitis B Surface Antigen (HBsAg) and HBeAg ELISA. Secretion of HBsAg into the blood was measured by quantitative sandwich ELISA (Abbott). HBeAg in the blood was measured by sandwich ELISA (International Immuno-Diagnostics, Foster City, CA) and quantified relative to a standard curve of serial dilutions of recombinant HBeAg (Fitzgerald Industries International, Concord, MA).
Serum Alanine Aminotransaminase (sALT). sALT activity was assayed with ThermoTrace Infinity ALT Reagent (ThermoDMA, Louisville, CO) by using a SpectraMax Plus spectrophotometer (Molecular Devices). Values are given as units͞liter; units͞ liter ϫ 16.67 ϫ 10 3 ϭ kat͞liter.
RNA Analysis. Total RNA was isolated by the guanidine thiocyanate method (30) . For Northern blot analysis, RNA was resolved in formaldehyde agarose gels and transferred to nytran nylon membranes (Schleicher & Schuell). Transcripts were detected by hybridization with 32 P-labeled DNA probes and then analyzed by using a storage phosphor system (Cyclone, Packard). For RNase protection assay (RPA), RNA was hybridized to 32 P-labeled RNA probes in solution with the mirVana miRNA Detection Kit (Ambion). RNA probes were generated by using the mirVana microRNA Probe Construction Kit (Ambion).
DNA Analysis.
Tissue was digested overnight in lysis buffer (50 mM Tris⅐HCL, pH 8͞20 mM EDTA͞1% SDS͞1 mg/ml proteinase K), and DNA was phenol-chloroform-extracted. Twenty micrograms of DNA was analyzed by Southern blot hybridization after HindIII digestion.
Immunohistochemical Hepatitis B Core Antigen (HBcAg) Staining.
HBV core protein was detected by immunohistochemical staining of 10% zinc-buffered formalin-fixed tissue as described in ref. 24 .
Results
Identification of Effective HBV siRNA Targets. A series of HBVspecific siRNAs were tested by transient transfection in a human hepatocyte cell line constitutively expressing a stable GFP-HBV fusion transcript (Fig. 1a) . Duplicate cultures were transfected with the indicated siRNA, and total RNA was extracted for Northern blot analysis 2 days posttransfection (Fig. 1b) .
When normalized for loading differences by using GAPDH mRNA levels, HBV transcript levels were reduced an average of 10-fold by all of the HBV-specific siRNAs (Fig. 1b, lanes 1-5) relative to the scrambled and mock siRNA transfection controls (Fig. 1b, lanes 8-9) . Similarly, a commercially purchased GFPspecific siRNA control induced a 7.5-fold reduction in the level of the GFP-HBV transcript (Fig. 1b, lane 6) , whereas transfection of a GAPDH-specific siRNA did not affect the level of the GFP-HBV mRNA (Fig. 1b, lane 7) . Because all HBV-specific siRNAs tested reduced GFP-HBV transcripts levels to the same degree or more than the GFP-specific siRNA control, we pursued all these target options for use as expressed shRNA structures in future experiments. 
Clearance of HBV RNA by Adenovirus-Mediated Delivery of shRNAs in
Vitro. As a means of producing shRNAs intracellularly, we cloned the mouse U6 RNA Polymerase III (mPolIII) promoter to express short hairpin versions of our HBV target sequences, as well as the control scrambled sequence (27) . To efficiently deliver these mPolIII-driven shRNAs to hepatocytes, we transferred our expression cassettes into an adenovirus shuttle vector and produced recombinant adenoviruses.
To test the effectiveness of the resulting adenovirus-expressed shRNAs, we infected duplicate cultures of a highly differentiated HBV-positive hepatocyte cell line derived from the 1.3.46 HBV transgenic mice (23) . Total RNA was extracted from cells 72 h postinfection to determine the level of HBV RNA. The results for the two best-performing HBV-specific shRNA adenoviruses are shown (Fig. 2) .
By Northern blot, virtually all detectable HBV RNA was eliminated from cells infected with adenoviruses expressing the HBV-specific shRNAs, shHBV546 or shHBV765 (Fig. 2 Upper, lanes 5 and 6 and 7 and 8, respectively), and this effect lasted for 9 days, at which time HBV RNA levels began to rise (data not shown). Cells infected with the adenovirus expressing the scrambled shRNA, shSCRAM, had HBV RNA levels comparable to those of mock infected cells (Fig. 2 Upper, lanes 3 and 4 vs. 1 and  2) . Similarly, an adenovirus expressing a GFP reporter did not reduce HBV RNA levels in these cells (data not shown).
Although adenovirus infection itself did not affect HBV RNA levels (Fig. 2, lanes 1 and 2) , it was theoretically possible that activation of the RNAi-RNA-induced silencing complex pathway, which would only have occurred in cells expressing the HBV-specific shRNAs, may have resulted in IFN induction that could have led to cytokine-mediated inhibition of HBV in those cultures. Hence, to determine whether the reduction of HBV RNA could have been due to induction of IFN in shHBVadenovirus-infected cells, we performed an RPA for the presence of a panel of cytokines, including TNF-␣, IFN-␥, and 2Ј5Ј-oligoadenylate synthetase as a marker of IFN-␣͞␤ expression. None of the cytokines previously shown to inhibit HBV gene expression was induced in any of the adenovirus-infected cells, supporting the conclusion that the reduction in HBV RNA observed was specifically mediated by RNAi (data not shown). Additionally, RPA analysis verified expression of the different siRNAs in the adenovirus-infected cells (Fig. 2 Lower) . Detection of the cellular miR-16 RNA served as a loading control for the siRNA RPA samples.
Inhibition of Preexisting HBV Gene Expression in the Liver of Mice.
To determine whether these shRNAs could inhibit ongoing HBV gene expression in vivo, we infected HBV 1.3.32 transgenic mice with 2 ϫ 10 9 plaque-forming units (pfus) of recombinant adenovirus expressing shHBV546, shHBV765, or shSCRAM and analyzed HBV gene expression (Fig. 3) .
Levels of HBsAg and HBeAg were measured in the serum of mice as a downstream indicator of HBV gene expression. By day 4 postinfection, mice receiving either the shHBV546-or the shHBV765-expressing adenovirus had 5-to 6-fold less HBsAg in their serum relative to mice infected with the shSCRAM control virus. HBsAg levels continued to decline in those mice until Ϸday 13 and subsequently remained suppressed at up to 100-fold reduced levels (Fig. 3a) . At day 4, the average level of HBeAg in the mice receiving either the shHBV546-or the shHBV765-expressing adenovirus had decreased 3-to 4-fold relative to mice infected with the shSCRAM virus, with the greatest reduction in HBeAg being observed at day 11 (6.5-fold) and day 13 (4-fold), respectively (Fig. 3b) .
At days 4 and 20 postinfection, mice from each group were killed to examine HBV RNA and adenovirus DNA levels in the liver (Fig.  3c) . Corresponding with the serum antigen results, Northern blot analysis showed an average 5-fold reduction of HBV RNA 4 days postdelivery of shHBV546 (lanes 4-6) or shHBV765 (lanes 7-9) compared with mice receiving shSCRAM (lanes 1-3) . By day 20, the inhibition of total HBV RNA had increased to 9-fold and 7-fold in shHBV546 and shHBV765 adenovirus infections, respectively (Fig. 3c, lanes 12-15 vs.10 and 11) . Hence, in the context of ongoing viral replication, HBV viral RNAs can be targeted for inhibition by shRNAs. However, consistent with the different magnitude of suppression observed for serum HBsAg and HBeAg, both HBVspecific shRNAs reduced the 2.1-kb envelope mRNA to a greater extent than the 3.5-kb transcript, despite the fact that the target sequences are present in both RNAs. Specifically, by day 20 postinfection, the 2.1-kb envelope mRNA was reduced Ϸ50-fold, whereas the 3.50-kb viral RNA was reduced only 4-to 5-fold.
To confirm that the titers of the different adenovirus infections were comparable, we performed Southern blot analysis to determine the level of adenovirus DNA in the liver. Detection of the single-copy genomic mouse imap38 gene served as a DNA loading control (31) . When quantified relative to imap38, the level of adenovirus DNA in the livers of mice infected with the different viruses was found to be roughly equivalent at day 4 postinfection (Fig. 3c) . Interestingly, despite 90% clearance of the adenovirus template by day 20 (Fig. 3c) , sALTs remained relatively low throughout infection with all three viruses (Fig. 3d) .
Inhibition of Ongoing HBV Replication in the Liver of Mice. We were interested to determine whether RNAi-mediated degradation of viral RNA is sufficient to disrupt the viral life cycle and inhibit HBV DNA replication. However, unlike HBV RNA, which is unaffected by adenovirus infection in HBV transgenic mice (Fig.  3) (32, 33) , in vivo adenovirus infection does induce interferons that clear HBV DNA from the liver (32, 33) . Therefore, we repeated our shRNA-adenovirus delivery experiment in HBV (Relative to the HBV765 siRNA probe, the cellular miR-16 probe was designed to be 2 nt longer, and the siSCRAM probe was designed to be 1 nt shorter.) transgenic mice that are genetically deficient for the expression of IFN-␥ and the IFN-␣͞␤ receptor. In the absence of signaling by these cytokines, adenovirus infection did not induce cytokinemediated inhibition of HBV DNA replication (Fig. 4a, lanes 5-9,  13-15, and 19 and 20) , thus allowing us to determine the extent to which HBV replication is inhibited by the shRNAs delivered. Groups of IFN-␣͞␤͞␥ signaling-deficient HBV transgenic mice were infected with 5 ϫ 10 9 pfus of recombinant adenovirus expressing shHBV765 or shSCRAM, and mice were analyzed at days 4, 17, and 26 postinfection (Fig. 4) .
Similar to the previous experiment, by day 4 postinfection, both serum HBsAg and HBeAg levels were 5.5-fold lower in mice infected with the shHBV765 adenovirus compared with mice that received the control shSCRAM adenovirus (Fig. 4a) . Likewise, HBV RNA levels were 8-fold lower in shHBV765 adenovirus-infected mice (Fig. 4a Top, lanes 1-4 vs. 5-9 ). As seen in the wild-type HBV transgenic mice, RNAi-mediated suppression of viral gene expression increased over time such that by day 17 postinfection, the majority of detectable HBV RNA had been eliminated from the liver, except for a residual 10% of the 3.5-kb species (Fig. 4a, lanes 10-12) , and this pattern of HBV RNA inhibition was maintained through day 26 postdelivery (Fig. 4a, lanes 16-18) .
Southern blot analysis of HBV DNA showed that at day 4, before HBV RNA was completely cleared from the liver of shHBV765-adenovirus-infected mice, viral DNA replicative intermediates were reduced only 50% compared with shSCRAMadenoviruses-infected mice (Fig. 4a Middle, lanes 1-4 vs. 5-9) . However, by day 17, HBV replicative intermediates were virtually undetectable in the livers of mice that received the shHBV765 RNA (Fig. 4a, lanes 10-12) , and this inhibition was maintained through day 26 postinfection (Fig. 4a, lanes 16-18) .
Again, Southern blot detection of adenovirus DNA quantified relative to the level of the single-copy genomic imap38 gene verified that delivery of the shHBV765 and shSCRAM adenoviruses was equivalent (Fig. 4a) . Consistent with the low sALTs detected, adenovirus DNA levels did not decrease during the 26-day infection (Fig. 4b) . Additionally, RPA analysis confirmed the presence of both shHBV765 and shSCRAM RNA at day 17 (Fig. 4c, lanes 1-3 and 4-6) and day 26 (Fig. 4c, lanes 7-9 and 10 and 11) .
HBsAg is secreted too rapidly for intracellular detection, but immunohistochemical staining for 3.5-kb-derived gene product HBcAg in liver tissue from shHBV765-and shSCRAMadenovirus-infected mice allowed us to directly observe HBV clearance from hepatocytes (Fig. 5) . Like serum antigen levels, staining for HBcAg was greatly reduced in the hepatocytes of shHBV765-infected mice on day 17 ( Fig. 5b) and day 26 (Fig. 5d ) compared with shSCRAM-infected mice ( Fig. 5a and 5c) . Consistent with the presence of cytoplasmic HBcAg being an indicator of active viral replication, cytoplasmic HBcAg staining in the hepatocytes of shHBV765-infected mice on day 17 or 26 ( Fig. 5 b and d) could not be detected.
Discussion
In this study, we show that the majority of preexisting HBV transcripts in the liver during ongoing viral replication are susceptible to RNAi inhibition and that clearance of viral transcripts is sufficient to abolish HBV DNA replication. Within 4 days after delivery of HBV-specific shRNAs to the liver, steady-state levels of HBV gene expression were reduced. By day 17 after a 5 ϫ 10 9 -pfu dose, only evidence of a residual 3.5-kb viral RNA species was detected. As a result of HBV RNA depletion, viral replication had stopped by day 17 and had not begun to return by the end of our 26-day experiment. The magnitude and duration of suppression attained emphasizes the potential this approach may have for treating chronic HBV and other persistent liver infections, such as hepatitis C virus (34) .
Notably, there was a relatively stable pool of viral 3.5-kb RNA that persisted in the liver despite the presence of HBV-specific shRNAs. Because the sequences targeted by the shRNAs in this study are present in the 3.5-kb RNA, these data suggest that there is a population of HBV RNA protected from direct RNAi-mediated degradation. Two distinct 3.5-kb RNAs are transcribed from the HBV genome, the pregenomic RNA (pgRNA) and the 31-nt-longer HBeAg mRNA (35) . Although our observations initially may appear to suggest that some HBV pgRNA is protected inside viral capsids, this is unlikely because encapsidated pgRNA present in the cell would be expected to be rapidly degraded as it is reverse transcribed into DNA. On the other hand, the observation that shHBVmediated suppression of serum HBeAg was not as dramatic as the suppression of serum HBsAg suggests that at least some of the residual 3.5-kb RNA is the 31-nt-longer HBeAg mRNA species. Because this pattern of inhibition was observed with multiple shRNAs, the RNAi resistance of this subset does not appear to be due to secondary structure masking of a particular target sequences; rather, it appears to be due to a more global protection of a subset of the HBeAg mRNA within RNA-protein complexes, perhaps polyribosome complexes on the rough endoplasmic reticulum. Further investigation will be needed to confirm whether the HBeAg 3.5-kb transcript is less sensitive to RNAi-mediated clearance and why.
Importantly, delivering shRNA effectors to a high percentage of hepatocytes in the liver may not be necessary to silence chronic HBV infection. The hypothesis that viral clearance may only initially require viral gene suppression in a limited number of cells is based on the fact that patients chronically infected with HBV maintain an HBV-specific cytotoxic T lymphocyte (CTL) response throughout the infection. Although the immune response of chronic carriers is not strong enough to clear the virus, it does continue to destroy cells expressing HBV antigens, and this results in hepatocyte turnover (36) . In this milieu, any cells in which HBV has been silenced would have a significant survival advantage and be selected over time to repopulate the liver. This hypothesis can be tested by adoptive transfer of HBV-specific CTLs into HBV transgenic mice after infection with siRNAexpressing lentiviral vectors that stably transduced only a limited number of hepatocytes.
In terms of the potential for viral clearance, RNAi-based therapies would be predicted to have significant advantages over the currently licensed HBV treatments. Besides the ability to target multiple conserved viral elements, minimizing the chances of viral escape, RNAi-mediated viral suppression is fundamentally distinct in that it inhibits viral gene expression. The weak host immune response associated with chronic HBV infection is rarely sufficient to achieve sustained viral clearance, even after long-term suppression of HBV DNA replication with lamivudine (nucleoside analogue) or adefovir (nucleotide analogue). This is probably because these treatments do not reduce the high viral antigenemia that is thought to blunt the T cell response in chronically infected patients and, hence, help HBV avoid immune clearance (36) . In contrast, the reduction in viral antigen levels attained after RNAi-mediated degradation of viral RNA may relieve the negative impact of chronic antigen stimulation on the T cell response and thus allow for recovery of that response. Alternatively, the use of RNAi to temporarily clear overwhelming levels of HBV antigen may provide a treatment window during which the host could mount a more vigorous response than it otherwise would to a therapeutic vaccine. In either case, the strengthened immune response would be more likely to clear HBV after treatment. To further investigate this possibility, we are currently using HBV transgenic mice to test whether therapeutic immunization can break tolerance if administered during a period when endogenous HBV is silenced by RNAi.
In summary, we have demonstrated that adenovirus-mediated delivery of shRNAs to the liver of mice is an extremely effective and long-lasting approach to suppress ongoing viral gene expression and replication in vivo. Although this approach should prove to be very useful as a research tool for transient gene suppression in vivo, alternative delivery options for clinical use still need to be examined. Nonetheless, the data presented here provide the justification needed to pursue the challenge of developing RNAi as an effective treatment for chronic HBV and hepatitis C infection.
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